e ASYMMETRIC LEAVES2 (AS2) gene in Arabidopsis thaliana, a member of the AS2/LOB gene family, is involved in the development of a symmetrical expanded lamina, with the rachis as the axis. On owering, transcripts of AS2 were detected in in orescence meristems, oral meristems, and primordia of all oral organs. Levels of accumulation of AS2 transcripts were then decreased in the late stage of the oral organ primordia. β-glucuronidase (GUS) activities were examined in transgenic plants that had been transformed with the GUS gene controlled by the AS2 promoter and were detected in early stages of ower development. We quanti ed the length of oral organs at each developmental stage. Our results showed that the ratios of lengths of stamen to sepal and carpel to sepal in the as2-1 and as1-1 mutants were larger than those seen in wild-type plants in stages 12 to 14. Furthermore, the changes in the ratios of the lengths of oral organs in as2-1 and as1-1 mutants were suppressed by the mutations of class 1 KNOX genes. ese results indicate that AS2 and AS1 genes would control the balance of the oral organ lengths via repressing class 1 KNOX genes in reproductive stages.
are multiple transcriptional regulators, although the molecular mechanisms of multiple repression have not been clarified. The functions of AS2 and AS1 in the vegetative stage are well studied (Byrne et al. 2000; Byrne et al. 2001; Byrne et al. 2002; Ikezaki et al. 2010; Iwakawa et al. 2002; Iwakawa et al. 2007; Kojima et al. 2011; Matsumura et al. 2009; Ori et al. 2000; Rédei and Hirono 1964; Semiarti et al. 2001; Takahashi et al. 2008; Tsukaya and Uchimiya 1997; Ueno et al. 2007 ), however, little is known about their functions in the reproductive stage.
On flowering, AS1 transcripts are detected on the ank of the in orescence apex in a region corresponding to the cryptic bract (Byrne et al. 2000) . In early oral primordia, AS1 expression is first detected in sepal primordia and subsequently in primordia of all oral organs (Byrne et al. 2000) . Although AS2 transcripts have been detected in ower buds by northern blot analysis (Iwakawa et al. 2002) , the accumulation pattern has not yet been reported. In the present study, we analyzed the expression patterns of AS2 in oral organs by in situ hybridization and the GUS reporter gene, and show that the AS2 gene functions in the development of oral organs.
There have been several reports about floral morphology concerned with the AS2 and AS1 genes. In the owers of as2-1 mutants, it is reported that the relatively narrow sepals and the petals are unusually curled downwardly, but are not strongly asymmetric (Semiarti et al. 2001) . The sepals and petals in as2-1 mutants show less complex venation than that seen in the wild type (Semiarti et al. 2001 ). e sepals and petals of both as2-1 and as1-1 mutants are shorter than those of the wild type (Byrne et al. 2002; Ikezaki et al. 2010) , and this phenotype is suppressed by a triple mutation of three class 1 KNOX genes, BP, KNAT2, and KNAT6, suggesting that AS2 and AS1 are involved in the formation of sepals and petals through repression of the class 1 KNOX genes (Ikezaki et al. 2010) . Recently, it has been reported that AUXIN RESPONSE FACTOR6 (ARF6) and ARF8 repress class 1 KNOX genes in oral organs in parallel with AS2 and AS1 (Tabata et al. 2010) . However, quantitative analysis in the development of oral organs involved in AS2 and AS1 has not yet been reported. In this study, we measured the lengths of oral organs at each developmental stage. Our results suggested that AS2 and AS1 controlled the morphology of oral organs with respect to the shape and balance of the length of each oral organ. Furthermore, the balance of the length of oral organs might be regulated through the repression of class 1 KNOX genes.
Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 (CS1092) and mutants as2-1 (CS3117) and as1-1 (CS3374) were obtained from the Arabidopsis Biological Resource Center (ABRC) (Columbus, OH, USA). We outcrossed as2-1 with Col-0 three times and as1-1 with Col-0 once and used the progeny for our experiments (Semiarti et al. 2001 ). e bp-1 knat2-3 knat6-2 mutant was described in Ikezaki et al. (2010) . For the analysis of plants, seeds were sown on soil or on Murashige and Skoog (MS) medium. A er 2 days at 4°C in darkness, plants were transferred to a regimen of white light at 50 µmol m −2 S −1 for 16 h daily at 22°C, as described previously (Semiarti et al. 2001) .
In situ hybridization
For in situ hybridization, tissues were xed, dehydrated, and mounted in Paraplast plus (Sigma-Aldrich, Tokyo, Japan) essentially as described previously (Long and Barton 1998; Semiarti et al. 2001; Tanaka et al. 2002) . Sections (8 µm thickness) were cut with a microtome (Leica Microsystems, Wetzlar, Germany). Antisense and sense RNA probes for AS2 were generated as described previously (Iwakawa et al. 2002 ). e plasmid pAS1c was constructed by inserting a fragment of AS1 cDNA, which had been extended from the StuI site to the termination codon, between the HincII and NotI sites of pBluescriptII SK(-). An antisense RNA probe for AS1 was generated by T3 RNA polymerase a er linearization of plasmid pAS1c with ClaI. A sense RNA probe for AS1 was generated by T7 RNA polymerase a er linearization of pAS1c with PstI. e visualization reaction was performed for 2 or 3 days.
Histochemical assay for GUS activity
Five plants contained pAS2 : GUS. Histochemical detection of GUS activity was performed essentially as described by Koizumi et al. (2000) . Fixed plants were incubated in GUS staining solution [100 mM sodium phosphate, pH 7.2, 1 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 0.1% Triton X-100, and 0.5 mg ml −1 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc)] at 37°C for 24 h.
Results
Analysis of AS2 gene expression patterns in the reproductive stage by in situ hybridization
To ascertain the function of AS2 in the reproductive stage, we rst investigated the expression patterns of AS2 by in situ hybridization. Transcripts of AS2 were detected in in orescence meristems, oral meristems, and primordia of oral organs ( Figure 1A , B). Signals in the peripheral zone were detected, but no clear signal was detected in the central zone of the in orescence meristem ( Figure 1A ). Signals in the distal and lateral parts of organ primordia of the floral organs were stronger than those in the proximal and medial parts of the primordia at stages 2 to 5 ( Figure 1A , B). Signals were then decreased in the later stages of oral organ primordia ( Figure 1B ). In the late stage of oral organ primordia, signals were detected in cells in the stamen primordia and the gynoecium primordium ( Figure 1C ). No signals were detected in the AS2 sense control ( Figure  1D ). Similarly as for AS2, we also investigated the expression pattern of AS1. We observed signals in in orescence meristems, oral meristems, and all oral organs, as described previously by Byrne et al. (2000) ( Figure 1E , F). Signals of AS1 transcripts were decreased in later stages of primordia similarly as seen in the accumulation of AS2 transcripts ( Figure 1E ).
The cumulated transcripts of both AS2 and AS1 genes were detected in the oral meristems and oral organ primordia in the reproductive stage. ese results supported the idea that AS2 and AS1 might function together in both the reproductive stage as well as the vegetative stage.
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Analysis with a reporter gene for β-glucuronidase (GUS)
For further detailed analysis of the expression pattern of AS2, we examined GUS activity in transgenic plants that had been transformed with the GUS gene controlled by the AS2 promoter. We used plants with the AS2-fused GUS construct (pAS2 : GUS), in which the DNA sequence that encoded GUS was fused to the 3301 bp sequence upstream of the AS2 gene and 18 bp of the N-terminal AS2 coding region (Iwakawa et al. 2007 ). We have shown previously that the above-described AS2 genomic sequence encompasses the AS2 promoter (Iwakawa et al. 2002) . In addition, the 18 bp of coding sequence was essential for expression of the GUS fusion gene (Iwakawa et al. 2007 ). We obtained ve independent transgenic lines that harbored pAS2 : GUS, and all of them yielded essentially the same expression pattern of GUS activity. As shown in Figure 2 , the GUS activity in pAS2 : GUS plants was detected in the early stage of owers. Signals of the stamen were stronger than those of other oral organs (Figure 2A- C, E-G). Signals were then decreased in the later stages similarly as in the cumulation of transcripts seen by in situ hybridization ( Figure 2D , H).
ese expression patterns were consistent with the patterns in ower buds obtained by in situ hybridization ( Figure 1A , B). ese results indicate that AS2 functions in the development of oral organs.
Phenotype of floral organs in the as2 and as1 mutants
The flowers of as2-1 and as1-1 mutants showed the characteristic phenotype of protruding stigmas. It has been reported that the sepals and petals of as2-1 and as1-1 are shorter than those of the wild type (Byrne et al. 2002; Ikezaki et al. 2010) . To ascertain the e ect of AS2 and AS1 mutations on the phenotypes of reproductive organs precisely, we quantified the lengths of sepals, petals, stamens, and carpel at each developmental stage in these mutants. We followed the de nition of ower developmental stages according to Smyth et al. (1990) . At stage 13 in the wild-type plants, petals seen between the sepals continue to elongate rapidly (Smyth et al. 1990 ). erefore, we tentatively xed the stage of the ower as stage 13 when the petal length became longer than that of sepals for the rst time in all mutants analyzed in this experiment. All ower buds and owers at developmental stages 12 to 14 were collected from primary inflorescences when the first 10 flowers had opened, and the lengths of each organ were quanti ed ( Figures 3B, 4, 5) .
As shown in Figure 3 , the unopened ower buds in as2-1 and as1-1 mutants showed the characteristic stigma-protrusion phenotype, in which stigmas were visible at the top of buds ( Figure 3A , blue arrowhead). Developmental stage 12 is de ned as the stage when the petal length became equal to that of the longer stamens in the wild type (Smyth et al. 1990 ). In late stage 12, the ower buds were fully enclosed with sepals in the wild type ( Figure 3A, B) . In contrast, the ower buds of as2-1 and as1-1 were not enclosed at the same stage ( Figure 3A, B) . Furthermore, the sepals were unusually curled downwardly in these mutants ( Figure 3A , red arrowhead).
As shown in Figure 4A to D, we measured the lengths of the long axis of the floral organs for each flower according to the method of Tabata et al. (2010) . e average lengths of sepals and petals in as2-1 and as1-1 mutants were shorter than those in the wild type through stages 12 to 14 ( Figure 4A, B) . ese results con rmed the previous reports by Ikezaki et al. (2010) . e average length of stamens in as1-1 was longer than that in the wild type during the period from late stage 12 to stage 13 ( Figure 4C ). In as2-1, it showed no signi cant change ( Figure 4C ). e average carpel length in as2-1 and as1-1 was almost the same as that of the wild type ( Figure 4D ).
e balance of lengths of each oral organ was shown in Figure 5A , B. When the ratios of lengths of stamens to sepals and carpel to sepals in as2-1 and as1-1 were compared with those in the wild type, the ratios of lengths of carpel and stamens to sepals in as1-1 were both higher than those in the wild type ( Figure 5A, B) . In Blue and red arrowheads indicate the stigma protrusion phenotype and the sepals that unusually be curled downwardly, respectively. (B) A series of ower buds and owers of wild type (Col-0) and each mutant plant at developmental stages 12 to 14. e oral stage which de ned as stage 13 o en corresponded to the stage 14, at which the length of stamen became longer than that of carpel. Scale bars: 2 mm (A), 1 mm (B).
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Phenotypes in as2-1 and as1-1 flowers were attributable to the ectopic expression of class 1 KNOX genes
It has been reported that the phenotype, wherein the sepals and petals of the as2-1 and as1-1 mutants were shorter than those of the wild type, was also suppressed by the BP KNAT2 KNAT6 triple mutation (Ikezaki et al. 2010) . To know the e ect of the class 1 KNOX genes on the phenotypes of ower buds and owers in the as2 and as1 mutation backgrounds, we quanti ed each oral organ length at anthesis for multiple mutants of the class 1 KNOX genes: bp-1 knat2-3 knat6-2 triple mutant, as2-1 bp-1 knat2-3 knat6-2 quadruple mutant, and as1-1 bp-1 -1 and as1-1 (A, B), bp-1 knat2-3 knat6-2, as2-1 bp-1 knat2-3 knat6-2 and as1-1 bp-1 knat2-3 knat6-2 plants (C,  D) . Numbers under the horizontal axes represent the developmental stage of each plant. is experiment performed one time. Error bars indicate the standard deviations (n=11 for wild type and as1-1 plants, n=10 for the other mutant plants).
knat2-3 knat6-2 quadruple mutant ( Figure 4E-H) .
The triple mutation of BP KNAT2 KNAT6 genes almost suppressed the phenotypes of stigma protrusion and sepals that unusually curled downwardly in as2-1 and as1-1 (Figure 3A, B) . e shorter lengths of sepals and petals in as2-1 and as1-1 were suppressed by the BP KNAT2 KNAT6 triple mutations ( Figure 4E, F) . e longer length of the stamens in as1-1 at the late stage 12 to stage 13 was also suppressed by the BP KNAT2 KNAT6 triple mutations ( Figure 4G ). The ratios of lengths of stamens to sepals and carpel to sepals in as2-1 bp-1  knat2-3 knat6-2 and as1-1 bp-1 knat2-3 knat6-2 became the same as those in the wild type and bp-1 knat2-3 knat6-2 (Figure 5A-D) .
Discussion
In owers, transcripts of both AS2 and AS1 genes were present in the same tissues at the early stages of ower development (Figure 1) . From this result, AS2 and AS1 might act in the same process to control floral morphology. erefore, it is supposed that the phenotype of oral organs in the as2-1 and as1-1 mutants might be caused by the defects in the expression of AS2 and AS1 in the oral meristem and organs.
Our data indicated that the change in lengths of oral organs and the ratios of lengths of stamens to sepals and carpel to sepals being larger than those in wild-type plants in stages 12 to 14 might be one explanation for the phenotype of stigma protrusion seen in as2-1 and as1-1 mutants (Figures 4, 5) . at is, the di erence from the wild type in the ratios of elongation among each oral organ in the mutants might a ect the balance of the lengths of oral organs in as2-1 and as1-1.
Our data showed that triple mutation of the BP KNAT2 KNAT6 genes nearly suppressed the phenotypes of oral organs in as2-1 and as1-1 (Figure 3 ). e as2 and as1 mutants exhibit pleiotropic phenotypes in leaves, and some of the phenotypes of as2-1 and as1-1 were rescued by multiple mutations in class 1 KNOX genes (Ikezaki et al. 2010) . It is postulated that AS2 and AS1 might regulate the shape of leaves through some unknown factor other than the class 1 KNOX genes (Ikezaki et al. 2010 ). In the case of reproductive organs, further analysis of the such morphological changes as the venation pattern in petals is required.
We showed that the over all phenotypes of as2 and as1 were similar in the floral organs. However, the phenotypes of changes in the ratios of lengths of stamens to sepals and carpel to sepals in as2-1 were weaker than those seen in as1-1. ere are three possible explanations for the phenotypes being weaker in as2 than in as1. As the rst possibility, AS2 and AS1 might independently repress the expression of class 1 KNOX genes. Second, as2-1 mutant might be a weak allele. ird, other genes might be involved in the development of oral organs in addition to AS2. It might be possible that AS2 and AS1 function in oral organ development as a complex such as has been predicted in leaf development, because almost all phenotypes were similar in both as2 and as1 (Figure 3, our unpublished data) .
e phenotype of leaves in as2-1 is similar to that in the other allele (Semiarti et al. 2001) . ese facts suggest that the rst and second possibilities might be unlikely.
The AS1 gene encodes a myb domain protein and is a single gene in Arabidopsis, whereas AS2 belongs to the AS2/LOB gene family, which has 42 members in Arabidopsis. All members encode proteins with an AS2/LOB domain in their amino-terminal halves (Iwakawa et al. 2002; Shuai et al. 2002) . Although we previously reported that AS2 can not be functionally replaced by other members of the family during leaf development (Matsumura et al. 2009 ), we still do not know how AS2 functions in oral organ development. It has been reported that AS2 and ASL1/LBD36, which are members of the AS2/LOB domain gene family and the closest homologues of AS2 (Matsumura et al. 2009 ), play partially redundant roles in the development of ower petals (Chalfun-Junior et al. 2005) . Although no visible mutant phenotype is observed in the asl1 loss-offunction mutant, the asl1 as2 double mutant plants have narrower sepals resulting in exposed inner oral organs and outwards curling of sepals and petals (ChalfunJunior et al. 2005) . These phenotypes are similar to that of as2-1 as observed in our experiment (Figure 3 ). Furthermore it has been shown that overexpression of ASL1/LBD36 leads to repression of BP (ChalfunJunior et al. 2005) . From these data it might be possible to conclude that AS2 and ASL1/LBD36 have partially redundant functions in sepal and petal development. erefore, the third possibility that other genes might be involved in the development of oral organs provides the simplest explanation.
Since the phenotype of leaves in the as2-1 as1-1 double mutant has been shown to be similar to that of as2-1 at the point of forming leaflet-like structures (SerranoCartagena et al. 1999 ; our unpublished results), analysis of the phenotypes of owers in the as2 as1 double mutant will provide some information to aid in understanding the functions of AS2 and AS1.
The mutations of ARF6 and ARF8 concomitantly delay the elongation of oral organs and show oral phenotypes similar to those of the as2-1 and as1-1 mutants (Tabata et al. 2010) . It has been reported that ARF6 and ARF8 repress the ectopic expression of class 1 KNOX genes in oral organs in parallel with AS2 and AS1, and most floral defects in the arf6 arf8 double mutant are attributable to the abnormal expression of class 1 KNOX genes (Tabata et al. 2010 ). erefore, not only AS2 and AS1 but also ARF6 and ARF8 would probably be involved in elongation of floral organs through the repression of class 1 KNOX genes.
Defective expression of AS2 and AS1 yields an altered appearance of oral morphology. AS2 and AS1 regulate the expression of various target genes, such as class 1 KNOX genes and abaxial determinant genes (Iwakawa et al. 2007) . erefore, changing the expression of AS2 and AS1 induces the variety of ower development regulated not only by AS2 and AS1 themselves but also by the downstream genes. To date, several reports have clari ed the relationship between gene expression and floral phenotypes. Formation of a spur-like outgrowth, which resembled an ectopic petal tube, was dependent both on KNOX gene expression and dorsiventral asymmetry of the flower in Antirrhinum (Golz et al. 2002) . The FaKNOX1 gene from strawberry (Fragaria spp.) RNAi plants occasionally produced small owers with lobed petals (Chatterjee et al. 2011) . Since the AS2/LOB family is widely conserved in plants, our findings could be applicable for the molecular or biotechnological breeding of ornamental owers.
